ABSTRACT: The diet of the endangered eastern freshwater cod Maccullochella ikei Rowland, 1985 was studied over 2 consecutive years in the Mann and Nymboida River system, Australia, to determine summer and winter feeding habits. Food items were extracted using non-destructive gastric lavage. In total, 268 M. ikei were gut-flushed over the 2 yr of the study; 191 contained at least 1 food item. A large variety and broad size range of items were recovered, from small aquatic insects to relatively large terrestrial animals. We found significant differences between the food items consumed by M. ikei in summer and winter. Seasonal differences related to the increased occurrence of crustaceans, small fish and terrestrial animals in the diet of M. ikei during winter, and more aquatic insects and molluscs in summer. Food items differed significantly among size classes, with larger M. ikei consuming fewer crustaceans and more large fish and terrestrial animals. Our study revealed that M. ikei displays high plasticity in seasonal dietary habits, changes diet and foraging tactics as it grows, and appears to not always consume what would be considered optimal forage. While many of the issues surrounding the conservation of M. ikei initially appear to be localised, aspects of its biology including its dietary habits also have context across broader scales. 
INTRODUCTION
The study of diets is essential for the effective management and conservation of animal species (Duffy & Jackson 1986 , Santos et al. 2001 . As with many aspects of biological research, defining the precise diet of an individual species can be difficult, as significant variation can occur both within and among populations. While the reasons for these dietary variations are numerous, examples of where it may occur include: when populations are widely distributed or are geographically separated (e.g. Szepanski et al. 1999 , Stehlik & Meise 2000 , Olson et al. 2003 , Munro et al. 2006 ; where there is an ontogenetic shift in dietary habit as an individual grows (e.g. Wassenaar & Hobson 1998 , Knutsen et al. 2001 , Renones et al. 2002 , Drewe et al. 2004 ; where individuals within a population move from one area to another such as when undertaking large-scale migrations (e.g. Williams & Karasov 2001 , Joyce et al. 2002 , Sakuragi et al. 2003 ; or where the forage of choice may not be available, facilitating a switch to alternative food types, including reasons such as seasonal availability of different food types (e.g. Munkittrick & Dixon 1989 , Yamagiwa et al. 1994 , Specziar et al. 1998 .
A lack of preferred or optimal forage can at times be a contributing factor in population declines (Merrick et al. 1997 , Boonstra et al. 1998 , Reid & Croxall 2001 . Unlike many threats, the effects of low food abundance can be slow and insidious and as such can often be difficult to detect. This can be particularly problematic when working with threatened species, as numbers within imperilled populations can already be at critically low levels when an issue is eventually recognised, making the collection of meaningful numbers of samples even more difficult. In the case of threatened fish species, this has traditionally posed an even greater issue, as conventional fisheries dietary assessments often involved euthanising large numbers of individuals to remove stomachs and evaluate their contents (Bowen 1996) . In recent times, sampling techniques such as gastric lavage have been developed that allow the collection of meaningful dietary information, while at the same time aiming to minimise the impact on the population being studied (Petridis & O'Hara 1988 , Meretsky et al. 2000 , Wanner 2006 ). However, despite the development of these less destructive techniques, the dietary habits of many fish species still remain poorly understood.
The eastern freshwater cod Maccullochella ikei Rowland, 1985 is an endangered fish species native to the Clarence and Richmond River systems of northern New South Wales, Australia (Fig. 1 ). Prior to European settlement, M. ikei was distributed from the large slow-flowing lowland sections through to the highland streams and rivers of both systems (Rowland 1993) . However, a major decline in abundance and distribution occurred in both populations throughout the 20th century. By the 1970s, only 1 self-sustaining population remained in an isolated sub-catchment of the Clarence River (Rowland 1985 (Rowland , 1993 . A number of recovery actions have been subsequently implemented to assist in recovering the species, including a year-round prohibition on targeting and keeping M. ikei throughout its original range, a complete fishing closure in the Mann and Nymboida River system over the breeding season and restocking and habitat restoration programs (Rowland 1989 , Talbot et al. 2004 , Anonymous 2006 , Butler & Rowland 2009 ). Whilst these actions have resulted in a general increase in the range and abundance of M. ikei, a number of processes continue to threaten the long-term conservation of the species (Anonymous 2004) . Maccullochella ikei is thought to be among the top predators in the streams and rivers they inhabit (Rowland 1993) . Based largely on anecdotal reports from anglers, the diet of similar species such as the congeneric Murray cod Maccullochella peelii (Mitchell), and on a small number of randomly collected samples, Rowland (1996) suggested that the species' diet most likely consisted of a combination of larger prey such as fish, crustaceans, frogs, aquatic birds and terres- 
MATERIALS AND METHODS

Study area
The Mann and Nymboida River system makes up the largest sub-catchment of the Clarence River, located on the north-eastern coast of New South Wales, Australia (Fig. 1) . The system is considered relatively pristine, and is typified by long slow-flowing pools, separated frequently by waterfalls, cascades, rapids and riffles (Ferguson et al. 1999 , Butler 2001 . Both rivers are largely unregulated, with only the Nymboida Weir diverting any significant water from the system. The Nymboida Weir was constructed in 1924 and raised to its current height of 4.38 m in 1937 to meet both the growing requirements of a hydro-electric power station and to provide potable water to the nearby towns of Grafton, Maclean and Lawrence (Anonymous 2000) . Recent upgrades to the potable water supply system have seen an in crease in the levels of extraction to supply other towns on the north coast, as well as the construction of a large off-stream storage dam that is also to be filled from the Nymboida River.
Maccullochella ikei were sampled from 4 areas in the Mann and Nymboida River system during winter and summer each year in 2004 and 2005 (Fig. 1) . Each area was a minimum of 20 km apart. There were a number of flow-dependent natural fish barriers between each area such as waterfalls (< 3 m) and large cascades, as well as long shallow riffle sections. The Nymboida Weir also restricted fish passage between Area 3 and Area 4 under basal flows (Fig. 1) .
Sampling methods
The stomach contents of Maccullochella ikei were non-destructively evacuated using a modified gastric lavage technique similar to that described by Kamler & Pope (2001) . M. ikei were captured using an electrofishing boat, fitted with a Smith-Root GPP 7.5 H/L electrofisher unit, operated at 1000 V DC, 120 Hz, 10% duty cycle and producing on average 2 to 4 amps. Sampling was undertaken in daylight hours (08:00 to 17:00 h), with 2 areas generally sampled each day. Collecting samples from M. ikei during this period was considered the optimal time, as the species is thought to feed primarily at night (Butler 2009) , and given that most carnivorous fish species take > 24 h to digest food (Bowen 1996) , this period would therefore effectively include the previous night's intake.
Following recovery from electro-shocking, individuals were anaesthetised in a 60 l bin containing 100 mg l −1 of benzocaine (ethyl-p-aminobenzoate; Sigma Aldrich). Once righting reflex was lost, a tracheal tube was passed through the oesophagus of the fish and into the stomach. A small hand pump was then used to introduce water into the stomach, with a light massage applied to the abdomen to assist in back-flushing food items out of the mouth. Forceps were used to remove food items that could be seen through the mouth, but were too large to be flushed or were caught in the oesophagus. Generally, the majority of items were easily back-flushed or removed with little evidence of internal physical trauma. Samples were immediately preserved in 70% ethyl alcohol for later examination. Individuals were then weighed to the nearest g and measured (total length, TL) to the nearest mm before being revived. All Maccullochella ikei over 280 mm were also tagged with 11 mm glass Trovan ID100 passive integrated transponder (PIT) tags (Microchips Australia) before release. PIT tags were inserted in the epaxial muscle between the anterior of the dorsal spine and the lateral line (Nielsen 1992) .
Identification and analyses of food items
The extracted stomach contents of Maccullochella ikei were viewed directly or with the aid of a dissecting microscope. Each item was identified to the lowest taxon possible or where positive identification could not be made, recorded as unidentifiable. Hair samples and bones were used to help identify mammals. Counts and wet weights of individual prey items were recorded for each fish. Wet weight was estimated either directly to the nearest 0.01 g when items were complete, or where an item was not whole it was compared to a reference set of complete specimens and this was taken as the item's weight when first ingested (Bowen 1996) .
Three diet indices were used to quantify the diet of Maccullochella ikei: frequency of occurrence, proportion by number (N i ) and proportion by weight (W i ) (Chipps & Garvey 2007) . This approach allowed for an overall description of the diet, as well as quantifying the relative importance of individual food items. To allow further statistical comparisons, indices were calculated for each fish separately, as such treating the individual as the sampling unit rather than the population as a whole (Chipps & Garvey 2007) . Because of the relatively small numbers of some taxa, in di vidual items were combined into 9 broader groups for statistical analyses (Falautano et al. 2007 , Platell et al. 2007 . Groupings were based either on taxonomic (crustaceans, molluscs, reptiles and amphi bians), size (fish less or greater than 100 mm in length) or ecological characteristics (terrestrial animals, aquatic insects and terrestrial insects).
Non-parametric multivariate analysis of variances (PERMANOVA) was used to identify differences among years, seasons and sites, for both W i and N i (PRIMER 6 and PERMANOVA, Anderson et al. 2008) . PERMANOVA was also used to compare diet among size classes of all Maccullochella ikei sampled (≤350 mm; 351 to 450 mm; 451 to 550 mm; ≥551 mm) to distinguish ontogenetic shifts in dietary habit. For all analyses, the data were initially fourth-root transformed, and the results were used to produce a similarity matrix employing the Bray-Curtis resemblance measure. All tests were considered significant at p < 0.05. Post-hoc pairwise comparisons were used to determine which groups differed within factors where differences were de ter mined by PERMA -NOVA. Similarity percentages (SIMPER) tests were used to identify individual prey species contributions to average dissimilarities among factor groups.
RESULTS
Length frequency of Maccullochella ikei
The stomachs of 268 Maccullochella ikei were evacuated during the 4 sampling rounds: 116 and 152 in summer and winter, respectively. Individuals ranged from 132 to 955 mm in TL and from 27 to 14 100 g in weight, with overall averages (± SE) of 436 ± 7 mm and 1314 ± 92 g (Table 1 ). There was no significant difference in TL of M. ikei collected across samples (Kruskal-Wallis = 2.37; p = 0.49) or between seasons when the 2 winter and 2 summer samples were combined (Mann-Whitney = 8783; p = 0.86). Comparisons of weight were not made due to the likely seasonal differences in gonad development of individual fish (Butler & Rowland 2008) .
Diet indices
Of the 268 stomachs evacuated, 191 contained at least 1 food item. In total, 772 individual items were categorised, with a total estimated weight of 7185 g. Items included individuals from 38 identifiable taxa, as well as 1 unidentified taxon in each of 4 categories ( Table 2 ). The size of items recovered ranged from small aquatic insects to relatively large terrestrial animals. Individual Maccullochella ikei of all sizes consumed a wide variety and size of items. For example, a freshwater shrimp Paratya australiensis (0.26 g), a juvenile freshwater catfish Tandanus tandanus Mitchell (60.03 g), an introduced goldfish Carassius auratus Linnaeus (26.2 g) and an introduced common house mouse Mus musculus (12.6 g) were all recovered from 1 individual (595 mm TL and 2650 g). Overall, crustaceans were the highest represented group in all 3 diet indices, and were made up primarily of the freshwater prawn Macrobrachium sp., and P. australiensis ( (Table 2) . Reptiles and amphibians were the lowest groups in all 3 indices (Table 2 ).
Seasonal differences
There were significant differences between the summer and winter diet of Maccullochella ikei for both N i (PERMANOVA: F = 5.88, p < 0.01, Fig. 2a ) and W i (PERMANOVA: F = 5.38, p < 0.01, Fig. 2b ). SIMPER analysis revealed that the groups contribut- 
Aquatic insects
Ontogenetic dietary differences
There were significant differences in the diet of the 4 size categories of Maccullochella ikei for both N i (PERMANOVA: F = 6.66, p < 0.01) and W i (PER-MANOVA: F = 6.12; p < 0.01). Post-hoc comparisons revealed significant differences between the diet of M. ikei ≥551 mm and all other size classes (pairwise tests: ≤350 mm: N i : t = 3.66, p < 0.01; W i : t = 3.74, p < 0.01; 351 to 450 mm: N i : t = 3.80, p < 0.01; W i : t = 3.44, p < 0.01; 451 to 550 mm: N i : t = 3.53, p < 0.01; W i : t = 3.33, p < 0.01), and between M. ikei ≤350 mm and 451 to 550 mm TL for W i (pairwise tests: N i : t = 1.64, p = 0.04). There were no significant differences between any other groups. M. ikei ≥ 551 mm consumed fewer crustaceans (SIMPER: N i 22%, W i > 21%), but more terrestrial animals (SIMPER: N i >12%, W i >14%) and large fish (SIMPER: N i 14%, W i >13%) than the other size classes in both N i (Fig. 3a) and W i (Fig. 3b) . Similarly, M. ikei 451 to 550 mm also consumed fewer crustaceans (SIMPER: W i = 16.3%) than M. ikei ≤350 mm in W i , and fewer aquatic in sects (SIMPER: W i = 13.6%), but more fish <100 mm (SIMPER: W i = 10.5%).
Validation of techniques
Of the 268 Maccullochella ikei sampled, 17 individuals either died as a result of the sampling techniques used (n = 12) or were retained to validate evacuation techniques (n = 5). Deaths resulting from the sampling techniques used were for the most part related to stress from capture and handling. These fish ranged from 131 to 495 mm TL, with a mean of , and an intact freshwater mussel Hyridella australis (495 mm TL). Both of these individuals had been moribund prior to stomach evacuation and died shortly after the procedure was completed. The poor condition of the fish pre-flushing most likely affected the vigour of the evacuation process, with the end result being that the items were not effectively flushed out. In total, 175 of the gut-flushed Maccullochella ikei were PIT tagged over the first 3 rounds of the study: 60, 49 and 66 in rounds 1, 2 and 3, respectively. Fish ranged from 281 to 955 mm TL when tagged. Of these, 28 were recaptured during the remaining 3 sampling rounds, including 26 once and 2 individuals twice. The number of days at liberty ranged from 182 to 553, with those fish recaptured ranging from 293 to 903 mm when tagged. All recaptured fish had increased (n = 24) or remained the same length (n = 4) while at liberty. Those individuals that grew increased in size on average by 0.014 ± 0.002% d −1 of their original length.
DISCUSSION
Given the food items recovered from Maccullochella ikei in the present study, the species is best described as an opportunistic euryphagous carnivore. Euryphagous or generalist species are those that are able to subsist on a wide variety and size range of food types (Lagler et al. 1962 , Gerking 1994 , Moyle & Cech 2000 . Although M. ikei appeared to prefer crustaceans, > 30 other species were also consumed including mammals, insects and reptiles from both aquatic and terrestrial habitats. Similarly, a large size range of items were evacuated from both large and small individuals, ranging from small items such as insect larvae, to large fish such as the freshwater mullet Myxus petardi (Castelnau). Whilst many generalist species adopt an omnivorous feeding strategy (Schoener 1971) , this was not the case with M. ikei. Only small numbers of plankton and no plant material were evacuated from M. ikei, confirming the carnivorous nature of the species.
The stomach contents of Maccullochella ikei indicate that the species may be more a generalist forager rather than a specialised ambush opportunist as previously thought (Rowland 1993 , Harris & Rowland 1996 . Radio-tracking studies of adult M. ikei in the Mann River generally support this hypothesis, with the species reported to increase the size of its home range and use shallower habitats at night, undertaking what was believed to be foraging activities (Butler 2001 (Butler , 2009 ). However, the ontogenetic shift in dietary preference of M. ikei indicates that the species may also shift foraging tactics as they grow. The diet of M. ikei ≤350 mm was typical of a benthic grazer (Lagler et al. 1962) , with most individuals in this size class consuming food items such as insect larvae, shrimp and prawns from the benthos. In contrast, larger M. ikei, whilst still seemingly using a foraging strategy to gather their food, appeared to shift more to random opportunistic predatory behaviour, taking food items more likely found in mid-water and surface waters than in benthic environments, including large fish (e.g. Myxus petardi) and terrestrial animals (e.g. Mus musculus).
While there was clear evidence of an ontogenetic shift in dietary intake by Maccullochella ikei, individuals across all size categories consumed food items that were disproportionately small in comparison to their overall physical size and large gape. At its simplest, optimal foraging theory proposes that when predators are foraging, the net energy gained must be equal to or greater than that expended in collecting and processing a food item (Werner et al. 1983a ,b, McIvor & Odum 1988 , Mittlebach 2002 , Turesson et al. 2002 . Optimal foraging therefore generally requires a shift in the food type consumed as overall body size increases, with larger individuals theoretically consuming proportionally larger food items (Sagar & Eldon 1983 , Werner et al. 1983a , Clapp et al. 1990 , Beauchamp & Van Tassell 2001 . While there are many caveats when considering whether an individual is foraging optimally, one that may explain the behaviour of M. ikei in the present study is that decreased selectivity can occur when preferential food items are in low abundance (Schoener 1971 , Pyke 1984 . Butler & Rowland (2008) suggested that food might be scarce at times in the Mann and Nymboida Rivers for large predatory fish such as M. ikei, due to the relatively poor nutrient status and discontinuous and dynamic nature of the system. It is therefore possible that while larger food items may be preferred by bigger M. ikei, they may not always be available or as easily caught, necessitating the uptake of smaller and potentially less optimal prey.
The dietary habits of Maccullochella ikei are similar to those reported for Australia's other freshwater cod taxa but were also subtly different. As with M. ikei, Baumgartner (2007) and Ebner (2006) reported a preference by M. peelii for macro-crustaceans such as freshwater shrimp and prawns, and for a variety of fish species. Similarly, Baumgartner (2007) found that trout cod M. macquariensis (Cuvier) also preferred primarily macro-crustaceans, with small numbers of insects and molluscs also consumed. However, neither M. peelii nor M. macquariensis demonstrated the same predilection for the diversity of terrestrial and aquatic food items consumed by M. ikei in the present study. The diverse diet of M. ikei further supports the hypothesis that optimal food items may be limited at times in the Mann and Nymboida Rivers, compelling individuals to consume a greater variety of items to satisfy their energy requirements.
The seasonal shift in diet of Maccullochella ikei observed in the present study has not previously been de scribed for any of Australia's other freshwater cod species; however, significant temporal variation has been found in the dietary composition of other freshwater fish (e.g. Knutsen et al. 2001 , Liao et al. 2002 . Whilst any number of factors can bring about temporal shifts in the diet of fish, it is the rate of encounter between predator and prey that ultimately dictates dietary choice (Schoener 1971 , Mittlebach 2002 , Floeter & Temming 2003 . Given that M. ikei is non-migratory (Butler 2009 ), any changes in diet are therefore likely a result of external factors. This is highlighted by the presence of distinct or increased numbers of certain food items in the diet of M. ikei in different seasons. Examples of this include Mus musculus, which were only collected in winter samples when they are expected to be at their highest abundance following their peak breeding period in late summer and autumn (Saunders & Giles 1977) , and an increase in the presence of aquatic insect larvae such as Hemicordulia spp. in summer as would be expected (Hawking & New 2002) .
Whilst changes in the seasonal availability of certain food items may have influenced forage selection by Maccullochella ikei, other less obvious factors may have also influenced its diet. Within the Mann and Nymboida Rivers, there are at times large numbers of diadromous fish species such as Aus tralian bass Macquaria novemaculeata (Steindachner), My xus petardi and freshwater herring Potamalosa richmondia (Macleay) (Allen et al. 2003) . Although always present in the Mann and Nymboida Rivers, the localised abundance of these species is dictated by seasonal migration patterns, and also by whether river discharge has been sufficient to allow return upstream passage (Bonetti 2010) . However, despite the likelihood of encountering these species in the diet of M. ikei, only 1 M. petardi was recovered from the 268 gut samples collected, and no M. novemaculeata or P. richmondia. Whilst the absence of these species may be related in part to optimal foraging tactics, with all 3 fish being fast-swimming and potentially difficult to catch, other downstream influences may also have contributed. The Clarence Gorge is a long and complex series of waterfalls and cascades downstream of all sites sampled in the present study, and is known to influence the fish assemblages across the Clarence catchment as a whole (Bonetti 2010) (Fig. 1) . Given that there were generally no differences in the diet of M. ikei between sites within seasons, it seems likely that the Clarence Gorge may be having more of an effect on the piscivorous diet of M. ikei than any of the barriers within the study area, including the Nymboida Weir. Stockwell et al. (2004) suggested that similar issues may be occurring for the critically endangered Mary River cod Maccullochella mariensis (Rowland) , with downstream barriers restricting upstream passage of species such as M. petardi, which were thought to potentially have been an important food source for the species in the past.
With many endangered animals, the issues that result in a species becoming threatened and in its ongoing conservation can often appear to be speciesspecific and have little connectivity to ecosystem management in a wider context (Simberloff 1998) . While this could be considered the case with Maccullochella ikei, a number of aspects of its dietary habits could be considered to play a significant role across broader scales. In freshwater food webs, the role of the riparian zone is more often seen as that of a contributor to primary production (Thorp & Delong 1994) , rather than that of a direct source of food items other than fruits and leaves for herbivores and terrestrial invertebrates for smaller fish species (Pusey & Arthington 2003) . However, for M. ikei, the riparian zone also provided food items in the form of secondary consumers such as large mammals and birds, which use these areas for breeding, shelter and feeding. This apparent dependence on the riparian zone as a source of food items for M. ikei not only adds a unique dimension to the need to protect and enhance these environments, but also reinforces the fact that there is a need to fully understand the biology of a species, including its dietary habits, to ensure effective management.
The stomach evacuation techniques used in the present study proved to be an effective means of deter mining the diet of Maccullochella ikei. Other stud-ies em ploying similar techniques have reported the successful and consistent evacuation of food items from gut-flushed fish with relatively low mortalities, as was the case in this study (e.g. Hakala & Johnson 2004 , Wanner 2006 , Baumgartner 2007 . The efficacy of the technique was also demonstrated in the present study by the low numbers of M. ikei that died during sampling, the small number of food items remaining in the stomachs of those individuals that died or were retained for validation purposes, and by the observed long-term survival of individuals up to 553 d after being gut flushed.
The present study has revealed that Maccullochella ikei displays high plasticity in seasonal dietary selection and that it most likely changes diet and foraging tactics as it grows. The forage items selected by M. ikei appeared to not always be of an optimal size for what is considered such a large and aggressive predator. It also seems that the numerous natural and anthropogenic fish-passage barriers found throughout the Mann and Nymboida Rivers may have less of an effect on the overall diet of M. ikei than the natural downstream barrier, the Clarence Gorge. Finally, while the issues affecting M. ikei initially appear to be localised, many have context on a larger global scale. Overall, the present study has provided a better understanding of the feeding ecology of one of Australia's most endangered fish species. This will not only assist in the enhancement of remnant populations of the species, but will provide an insight into the likely success of re-establishing populations in areas where the species has previously become extirpated. 
